Internal energy selected carbon tetrachloride cations have been prepared by imaging photoelectron photoion coincidence (iPEPICO) spectroscopy using synchrotron vacuum ultraviolet radiation. The threshold photoelectron spectrum shows a newly observed vibrational progression corresponding to the n 2 (e) scissors 
Introduction
A chemical reaction can take place if there is more kinetic energy in one degree of freedom, the reaction coordinate, than the activation energy. Therefore, unveiling internal energy flows and their effect on the reactive flux are central to understanding chemical dynamics. Among different electronically excited states, the reactive flux is guided by internal conversion and intersystem crossings. The non-ergodic nature of the former has been the subject of a recent minireview by Sølling et al.
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Among other phenomena, they discuss the localization of the internal energy in one degree of freedom, e.g., a reactive mode, as dictated by internal conversion as well as the induction of internal conversion by a certain molecular motion. In the neutral, such processes can be followed directly by femtosecond pump-probe spectroscopy. 2, 3 In the ionic manifold, internal energy selected parent ions can be prepared using threshold photoionisation and tunable vacuum ultraviolet (VUV) light. 4 Their unimolecular dissociation dynamics can then be studied by imaging photoelectron photoion coincidence (iPEPICO) spectroscopy at the VUV beamline of the Swiss Light Source. 5, 6 Dissociative photoionisation thresholds and measured dissociation rates in the 10 3 -10 7 s À1 range can routinely be interpreted by statistical theory, 7 to derive thermochemical data with accuracy sometimes below 1 kJ mol À1 . 8, 9 Statistical theory assumes that the complete phase space is explored by the system, and the dissociation rate essentially corresponds to the probability that sufficient kinetic energy is present in the reaction coordinate. Statistical processes pre-suppose the presence of a bound state of the parent cation. As, at any internal energy, the phase space volume of the ground state is much larger than that of the electronically excited states, dissociation normally takes place on this potential energy surface, following internal conversion from higher-lying states. Thus, the assumption of statistical behaviour relies on strong coupling between different degrees of freedom. Anharmonicity is the driving force of intramolecular vibrational energy redistribution (IVR), which explains why non-statistical behaviour is observed for low-barrier isomerization reactions of large molecules in which the internal energy per oscillator, and thus, the anharmonicity, are small at the activation energy.
The large density of states in cations allows for the observation of Franck-Condon prohibited non-resonant transitions in threshold photoionisation, and ensures that the electronic excitation energy is also available for dissociation. 12 In recent years, we made use of the tunability and energy resolution of the iPEPICO endstation and revisited several halogenated systems to study their dissociative photoionisation properties. In agreement with previous observations, we have found a number of non-statistical processes. As best shown in the case of the fluoroethene cations, C 2 H 4Àn F n + (n = 1-4), new experimental and theoretical approaches have yielded a deeper understanding of the underlying reaction mechanism than was possible before. 13, 14 These cations dissociate statistically in the low-energy region along several parallel dissociation channels. In the mid-to high-valence ionisation energy region, they lose F atoms in a non-statistical process. In mono-, di-, and trifluoroethene, it was shown that C-state cations can undergo internal conversion to the B state, either on a bound or a repulsive domain along the C-F bond stretch coordinate. Should the latter take place, the product B state cation suffers non-statistical F-loss promptly. Long-lived B-state ions, on the other hand, can redistribute their internal energy, and dissociate statistically. In C 2 F 4 + , the electronically excited Ã state is disconnected from the ground state and only correlates with ground state C 2 F 3 + + F products. Hence, the Ã state establishes a second dissociation regime, which is disconnected from the low-energy regime solely because of an absence of electronic coupling. In this paper, we report on the dissociative photoionisation dynamics of carbon tetrachloride. We show that, while the dissociation is impulsive close to the onset of ionisation, it takes on a statistical character as coupling to the repulsive ground state of the parent cation gets weaker with higher electronic excitation.
Another non-statistical decay process should now be mentioned, namely fluorescence. 15 The cations of analogous halogenated compounds are known to fluoresce, 16 but it is often difficult to identify fluorescence competing with fragmentation processes. 17 If dissociation is energetically prohibited, the only decay process for excited electronic states in the gas phase is fluorescence, and such ions will indeed fluoresce. Radiative decay decreases the available energy for fragmentation processes. 4 + were also proposed to be repulsive, resulting in a significant force towards C-F bond length increase in the Franck-Condon allowed photoionisation energy range, and giving rise to an impulsive dissociation to form CF 3 + + F + e À . 20 Kinugawa et al. published photoion and photoelectron angular distribution data on VUV ionisation of CF 4 and CCl 4 , and, based on the observed correlation, suggested that electron and nuclear motion may take place on similar time-scales. 21 As seen from our work on fluoroethenes and from the amount of new thermochemical information derived from the breakdown diagrams of halogenated methanes, 22 29 and methanol. 30 Consequently, it seemed fitting to re-visit the impulsive halogen loss from CCl 4 + , a system known to exhibit non-statistical behaviour, in more detail using the iPEPICO experiment. 31 
Experimental methods
Experiments were performed using the iPEPICO endstation at the VUV beamline of the Swiss Light Source (SLS) at the Paul Scherrer Institut in Villigen, Switzerland. The setup has been described in detail in several publications and only an overview is given here. 5, 6, 26 Carbon tetrachloride vapour was introduced effusively into the ionisation chamber of the iPEPICO endstation at room temperature, where it was ionised by the incident synchrotron radiation. Typical operating pressures within the chamber were 7-9 Â 10 À7 mbar. The synchrotron radiation is dispersed by a grazing-incidence monochromator with laminar 600 and 1200 mm À1 gratings for photon energies below and above 15 eV, respectively. The photon energy at a resolving power, E/DE, of ca. 5000 was calibrated against the 11s 0 to 14s 0 argon autoionisation lines in both first and second order. In addition to the laminar gratings, higher harmonic radiation is further suppressed by a compact differentially pumped rare-gas filter operating at 10 mbar. Pure neon was used in the gas filter, applicable to the 11-21 eV photon energy range used herein.
Photoelectrons are extracted with a continuous field and are velocity map imaged onto a DLD40 Roentdek position sensitive delay-line detector. Threshold electrons are focussed into a small centre spot on the detector with a kinetic energy resolution better than 1 meV. Photoions are extracted in the opposite direction by the same, constant 120 V cm À1 field in the first 5 cm long acceleration region. Afterwards, they are accelerated further to achieve space focussing, pass through a 50 cm long field-free drift region, then are detected by a Jordan TOF C-726 microchannel plate detector. Photoelectrons are position and time stamped, and serve as the start signal for the ion time-of-flight analysis. Some energetic (or hot) electrons are produced with negligible off-axis momentum, and are also focussed into the centre spot, contaminating the true threshold signal. The hot electron contamination is accounted for by a subtraction process, 32, 33 whereby a small ring area around the centre is assumed to represent the hot electron background in the centre, and the time-of-flight mass spectrum in coincidence with ring electrons is multiplied with a factor corresponding to the centre-to-ring area ratio and subtracted from the mass spectrum in coincidence with the central electrons. Photoion mass selected threshold photoelectron spectra (ms-TPES) indicate the threshold photoionisation yields of different ions as a function of photon energy. The fractional ion abundances can be plotted as a function of photon energy in the breakdown diagram, whereas all electrons can be used to plot the threshold photoelectron spectrum of the sample.
Computational methods
Calculations were carried out using the Gaussian 09 34 as well as the QChem 4.0.1 programs. 35 The former was used to determine the reaction energies of different dissociative photoionisation channels of CCl 4 using the CBS-QB3, G4 and W1U composite methods. DFT geometry optimizations at the B3LYP/6-311+G(d) level mapped the potential energy surface. In these geometry optimizations, two bond lengths were scanned in C 3v symmetry, namely a single C-Cl bond length for the leaving chlorine atom, and a C-Cl bond length in the remaining CCl 3 + fragment. The reaction coordinate was then defined as a minimum energy path on this two-dimensional surface. EOM-IP-CCSD (equation-of-motion coupled-cluster singles and doubles for ionisation potentials) calculations 36 were carried out with the cc-pVTZ basis set to obtain the energies of the doublet . Second order Møller-Plesset perturbation theory (MP2) was also used along the same path to calculate the energy difference between the doublet 2 X and the quartet 4 ã states, which was then added to the ground state reaction energy curve to obtain a path to Cl-loss on the lowest-lying quartet surface.
Results and discussion

Threshold photoelectron spectrum
The photoelectron spectrum of CCl 4 was previously measured by von Niessen et al., 37 and our threshold photoelectron spectrum is shown in Fig. 1 . The photoelectron peak for the X 2 T 1 state is broad and structureless, as is expected for a vertical transition into an unbound domain of the cation potential energy surface. The spin-orbit splitting of the next, Ã 2 T 2 peak, ca. 0.22 eV, is, however, readily observable. The higher degenerate and hence more intense G 3/2 component has lower energy than the lower degenerate E 5/2 component, with an intensity ratio of 2 : 1, respectively, confirming that the sign of the spin-orbit splitting parameter is negative. 38 No vibrational structure is observed in the Ã peak. This either indicates a short lifetime and/or large geometry change upon ionisation. To the best of our knowledge, no one has yet reported the vibrational progression clearly seen in the third photoelectron band belonging to the B 2 E state (inset in Fig. 1 ). The 0.025 eV (200 cm À1 ) splitting suggests that the n 2 (e) scissors mode is active, as the corresponding harmonic frequency in neutral CCl 4 is 214 cm
À1
(B3LYP/cc-pVTZ+d result). This means that the geometry change when ionising to the B state is only moderate, and the Franck-Condon factors for ionisation into the potential energy well are large. Excitation of non-totally-symmetric vibrations such as n 2 of e symmetry are formally forbidden in photoelectron spectroscopy unless the point group of the molecule changes. Therefore, this mode can only gain intensity through Jahn-Teller distortion of the doubly-degenerate 2 E electronic state. Herzberg 39 has shown that the symmetry of the vibration which causes the distortion must be contained in the direct product of the symmetry of the degenerate electronic state with itself. In T d geometry, E # E = A 1 + A 2 + E, therefore the n 2 (e) mode possesses the correct symmetry to cause JahnTeller distortion. At the same time, internal conversion of B to the shorter-lived Ã and X states, surely driven by its Jahn-Teller distorted structure, must be slow enough that the B-state potential energy surface can support bound nuclear vibrational wave functions.
In the Koopmans picture, these first three states correspond to ionisation from the chlorine 3pp lone pair orbitals with symmetry e + t 1 + t 2 . The next band in the TPES of CCl 4 , the C 2 T 2 peak, corresponds to ionisation from a C-Cl bonding orbital and is centred at 16.58 eV, followed by the band corresponding to ionisation to the highest-lying valence electronic state of the parent cation, D 2 A 1 , centred at hn = 19.86 eV. To address fully the Cl-loss reaction on the ground and electronic excited states of CCl 4 + , the electronic degree of freedom and spin-orbit effects would have to be included. Evidently, the computational problem needs to be simplified to become tractable. First, we have restricted the symmetry of the geometries along the reaction coordinate to C 3v to correspond to that of the products. There are then only three internal coordinates: the C-Cl bond length in the CCl 3 + fragment ion, the C-Cl bond length in the breaking bond, and the angle between the Fig. 3 . The
Cl-loss reaction coordinate was then defined as the minimum energy path connecting the shallow tetrahedral minimum in C 3v symmetry with the 1 CCl 3 + + Cl products. Thereafter, the ground and excited doublet state energies were calculated along this path using EOM-IP-CCSD, and the lowest quartet state curve was obtained by calculating the doublet-quartet splitting using MP2 and adding it to the doublet ground-state energy. The results are shown in Fig. 4 42 This conclusion is supported by the experimental and computational results reported here.
Statistical modelling and dissociation mechanism
In a statistical dissociation, the excess energy, i.e. the energy available to the system above the dissociation threshold, is partitioned among the internal degrees of freedom of the fragments and their translational kinetic energies according to the respective phase space volumes. 7, 43 Aside from spin-orbit and electronically excited states, the chlorine atom cannot accommodate internal energy, therefore most of the excess energy is expected to stay in the fragment ion produced from CCl 4 + . In terms of which vibrational modes of CCl 3 + might be excited, one would only expect the umbrella motion and the symmetric stretch to be active, as the reaction coordinate is a combination of C-Cl bond contraction, Cl 3 C + -Cl bond elongation, and increasing planarity of CCl 3 + (see also previous section). 44 During impulsive dissociations a significant amount of the excess energy can be released as kinetic energy of the fragments, 45 as the force and the resulting acceleration along the reaction coordinate is such that the internal energy cannot be redistributed quickly enough before fragmentation is complete. High kinetic energy release leads to low internal energy fragments, which may not have enough energy to dissociate further, and are stable well above their dissociative photoionisation energies. As mentioned earlier, the breakdown diagram of CCl 4 in the 14-21 eV photon energy range (Fig. 2) , observed for the first time with better than 10 meV internal energy resolution and 
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good signal-to-noise ratio, appears to tell a different story from that of an impulsive dissociation. (Table 1) , will be 'trapped' in the fragment ion and be unavailable for kinetic energy release. If singlet CCl 3 + production is allowed again at higher energies, the effective internal energy of the fragment ion may indeed decrease with increasing photon energy, as appears to be observed in our experiment. We have modelled the breakdown diagram (Fig. 2) assuming the W1U-determined onset energies (Table 1) , two dimensional kinetic energy release, 49 and, consistent with symmetric daughter ion peak shapes, fast sequential dissociations. 7 The calculated breakdown diagram is shown in Fig. 5(a) for singlet, and in At the same time, the W1U onset energy of CCl + with three Cl atoms is confirmed by the well-reproduced rising edge of the CCl + breakdown curve.
Conclusions
We CCl 3 + production recedes to higher energy of the C 2 T 2 band in the TPES, the internal energy available for dissociation actually decreases with increasing photon energy, resulting in a brief re-appearance of the CCl 3 + signal.
This behaviour is in contrast with that of some of the fluoroethene cations, in which the dissociative photoionisation starts out as a statistical process and then exhibits non-statistical F-loss, or, in the case of C 2 F 4 + , a second, de-coupled statistical dissociation regime. 13, 14 The parent cation of tetrachloromethane dissociates impulsively at low energies, but then behaves almost statistically at higher energies. The decay of the C 2 T 2 state of CCl 4 + ions also appears to be distinctively different from that of analogous C state of other MX 4 + ions, which have previously been reported to be quite long-lived and decay by fluorescence. The opportune quasi-degeneracy of the doublet C and quartet ã states in CCl 4 + therefore seems unlikely to occur in the other members of this family of compounds.
